Key words: action potential/calcium channel/C/iara/chloride channel/electrogenic pump/excitability/membrane potential /Nitella/Nitellopsis/plasma membrane/potassium channel/proton pump/tonoplast/tonoplast-free cell ABSTRACTS. Characean cells have contributed significantly to various areas of plant cell biology such as cell motility and membranetransport. Since characean cells are very large, various kinds of operations can easily be applied to them. Development of techniques of intracellular per fusion and permeabilization of plasma membrane has facilitated studies on functions of the plasma membraneand the vacuolar membrane(or tonoplast) which is specific to plant cells. The present article is aimed at reviewing the contribution of characean cells to the study of electrophysiological characteristics of plant membranes. Our attention was mainly focused on experiments using plasma membrane-permeabilized cells and intracellularly per fused cells.
in fresh water and some in brackish water. Although the Characeae have no direct influence on humanlife, they have been important materials in plant cell biology because of its unique characteristics. A characean plant is composed of rhizoid cells, internodal cells, nodal cells and branchlet cells (Fig. 1A) . The plant is anchored to the substratum with rhizoids (not shown in Fig. 1 ), which are composed of thin filamentous cells lacking chloroplasts. Grown-upinternodal cells are large cylindrical cells with a diameter of sometimes 1 mmand a length of several cmor in some species more than 10 cm. Internodal cells are favored for various experiments. Branchlets are verticillated rows of cells of smaller sizes. Both internodal and branchlet cells are coenocytic and contain large numbers of nuclei. Neighboring internodal cells are connected through a node, which is composed of small nodal cells. Although the characean internodal cell is extraordinary in the terms of cell size, its structure is commonto that of general plant cells (Fig. IB) . The cell is surrounded by a cell wall composed mainly of cellulose.
The cell wall protects the protoplast from bursting which may occur due to high turgor pressure amounting to 5-7 atms. The plasma membraneis attached to the inside of the cell wall. Just inside the plasma membraneis a thin gel ectoplasm (not shown in Inside the chloroplast layer, there is sol endoplasm, which streams at a velocity of sometimes reaching 100 /mi sec"1 at room temperature (cytoplasmic streaming or protoplasmic streaming). On the inner surface of chloroplasts, linear cables of about 0.1 ptm thick are anchored, which are composed of about 50-100 actin filaments (26, 67) . The interior most of the cell is composedof a large central vacuole surrounded by a vacuolar membrane (the tonoplast). Since the cell is large, it can be subjected to various kinds of operations which are difficult to perform in small plant cells. Cell operational experiments using characean cells significantly contributed to elucidating basic mechanisms of cell motility and membrane transport in plant cells. The contribution of characean cells to the study of cell motility have been well documented by Kamiya's review articles (28, 29) . The present article intends to review the contributions of characean cells exclusively in the field of ion transport and electrophysiology of plant membranes.
B. Permeabilized cell model and intracellular perfusion. Most enzymes are localized in the cytoplasm surrounded by the semipermeable plasma membrane.To have direct access to such enzymes, permeabilized or demembranatedcell models are useful. In characean cells, two types of models were developed, the plasma memTo whomcorrespondence and reprints should be addressed. brane-permeabilized cell model (97) and the tonoplastfree cell model (114, 133) . 1. Permeabilized cell This model is prepared by mechanically damaging the plasma membrane. In normal conditions, the plasma membraneis strongly appressed to the cell wall due to high turgor pressure and assumed to be structurally linked to the cell wall. By increasing extracellular osmolarity to a value higher than the intracellular one, the protoplast shrinks due to a large efflux of water, resulting in detachment of the plasma membrane from the cell wall (plasmolysis). In general, the plasma membraneremains intact after plasmolysis. To permeabilize the plasma membrane,a characean cell is first incubated in an ice-cold mediumcontaining EGTA(ethyleneglycol-bis (/3-aminoethylether) -N,N,N',N'-tetraacetic acid), a Ca2+ chelator. Next, the cell is transferred into an ice-cold EGTAmedium containing sorbitol to induce plasmolysis.
Upon detachment of the plasma membranefrom the cell wall in the absence of extracellular Ca2+ at low temperature, the plasma membrane is irreversibly permeabilized (97).
The permeabilized cell is useful for studying functions of the tonoplast, since the chemical composition of the cytoplasmic side of the tonoplast can be changed easily from the outside. 2. Vacuolar perfusion and tonoplast-free cell (Fig.  2 ). Kamiya and Kuroda (30) first applied vacuolar perfusion technique to characean cells. They per fused the cell vacuole, while the cell was in the isotonic medium.
However, per fused cells survived for only several hours due to plasmolysis which occurred often during per fusion. Tazawa (112) per fused the vacuole, while the cell was exposed to the air to avoid plasmolysis. Thus, the per fused cell survived for much longer periods. If the composition of the per fusion mediumwasappropriate, per fused cells survived for more than a month. The technique was simplified further (1 14). An internodal cell is placed on a per fusion bench. Both cell ends are irrigated with the intracellular per fusion medium. After loss of turgor, both cell ends are amputated with scissors. By tilting the per fusion bench, the per fusion mediumflows into the vacuole due to the ressure difference between the two cell ends. After the original cell sap has been completely replaced with the per fusion medium, both cell ends are ligated tightly with strips of silk or synthetic thread.
Whenthe per fusion medium contains Ca2+ higher than 1 mM,the tonoplast remains intact (vacuole-perfused cell) (1 12). Using the vacuole-per fused cells, functions of the tonoplast were studied (47, 48, 64, 65, 115) , through changing the chemical composition of the vacuolar compartment. If EGTAis added to the per fusion mediumcontaining no Ca2+, the tonoplast can be disintegrated within about lO min (114, 133) . The tonoplast-free cell which has only the plasma membraneis advantageous for studying functions of the plasma membraneunder the condition where the chemical compositions of both the 3. Open vacuolemethod. Anoveltechniquecalled open vacuole method was developed to measure the membranepotential in combination with intracellular per fusion (113). A polyacrylate vessel which has three pools is used (Fig. 3) . Outer pools, A and C, are connected with a rubber tubing (T) to eliminate the difference in water level between the two pools. Pools A and C, and the rubber tubing is filled with a medium for intracellular per fusion. An internodal cell is placed on the vessel and both cell ends are opened by amputation with scissors. Pool B is filled with an external mediumwhich was madeisotonic with intracellular per fusion medium by adding sugars such as sorbitol or mannitol. The electrical potential difference between pools B and C represents the membranepotential of the cell part in pool B, since the electrical potential of pool C is equal to the intracellular potential at B. Using the open-vacuole method, the sum of the membranepotential of the plasma membraneand that of the tonoplast are measured in intact cells. In tonoplast-free cells, only the plasma membrane potential is measured. To per fuse the cell interior, the rubber tubing has been closed by pinchcock, and then the water level of either pool A or C is changed by soaking up or by add- Vcp/Cell^1^^7 Ag-AgCI Fig. 3 . Open vacuole method. An internodal cell (Cell) is placed on a plexiglass vessel composed of three pools, A, B, and C, and both cell ends are cut open. Pools A, C and the rubber tubing (T) is filled with a mediumfor intracellular per fusion. Pool B is filled with an external medium, normally isotonic artificial pond water. The cell interior is per fused under the difference of water levels between pools A and C after closing the rubber tubing with pinchcock (K). Membrane potential (Em) is monitored by measuring the potential difference between pools B and C. Stimulation of the cell or measurement of membrane resistance of the cell part in pool B can be done by applying electric current between pool B, and pools A and C through Ag-AgCl wire (93). For further explanation, see text.
ing the mediumin one pool.
C. Mechanism of electrogenesis at the plasma membrane.
The membranepotential is essential for forming electrochemical potential gradients (Aftj) for passive ion movements and also for the Zi/ij-driven co-transport of solutes. The membranepotential is also used for signal processing in the form of action potentials. In higher Mg2+in the presence of 1 mMATPalso reversibly depolarizes and repolarizes the plasma membrane,respectively. These results showthat the membranepotential is supported by Mg2+-ATPase. In internodal cells of C. australis, the membranepotential is -200mV and -100 mVin thepresence and absence of 1 mMATP, respectively (93). Thus, a half of the resting membrane potential is fueled by ATP and another half is the diffusion potential mainly due to K+.
Fig. 4. ATP-dependent membranepotential. Membranepotential was measured by the open-vacuole method. The membranepotential was first at the polarized level, since the tonoplast had been disintegrated by vacuolar per fusion with the mediumcontaining 6 mMMgCl2and 1 mM ATP. The cell interior was then per fused (bar) alternatively with the medium lacking (-) or containing (+) 1 mMATP. The plasma membrane was depolarized (upward direction) upon per fusion with a medium lacking ATPand repolarized (downward direction) with a medium containing ATP.During the measurement, trains of small current pulses were applied to monitor the membraneresistance. Notice that at the depolarized state, the membrane resistance was increased. The excitability is inhibited by applying Pb2+ (5 mMPb(NO)2) to the external medium (93). Mimura et al. (60) studied the relationship between the intracellular ATPconcentration and the amount of the ATP-dependentmembranepotential. The relation showed rectangular hyperbola, indicating involvement of the enzymic reaction in electrogenesis. The ATPconcentration for the half maximum electrogenesis was about 0.1 mM. Smith and Walker (103) reported that the electrogenic pump is inhibited by ADP. Mimura et al. (61) carried out kinetic analysis of inhibition of electrogenesis by adenine nucleotides and found that both ADPand AMPwork competitively to ATP. Later, it was found that inorganic phosphate also inhibits the electrogenesis noncompetitively (108).
In the presence of ATP, the membranepotential of tonoplast-free cells responded to both extracellular K+ concentration and pH (35, 93) . In ATP-depleted cells, however, the plasma membraneresponded to K+ concentration but not to pH. This result clearly demonstrates that the component of the membrane potential generated by the electrogenic pump is sensitive to extracellular pH.
Using tonoplast-free cells, it was demonstrated that efflux of H+is also dependent on the intracellular ATP concentration (95). However, the ATP-dependent H+ efflux amounting to 40 nmoles m~2 sec"1, was significantly smaller than the pump current calculated from the data of electrophysiological measurements. Later, Takeshige et al. (109) improved the method by excluding error sources due to passive H+ influx, and found that the H+efflux measured can provide the pumpcurrent obtained electrophysiologically. Thus, the electrogenie pumpin the plasma membraneof Characeae is concluded to be the H+ extruding pump fueled by ATP. The strong dependence of the membranepotential on pH also supports this conclusion.
D. Excitability.
1. Importance of action potential in plant cells.
Action potential plays and important role in signal transmission not only in animal systems (nerve and muscle) but also in plant systems. The most typical examples are sensitive plant {Mimosa pudica) and carnivorous plants (Dionea, Aldrovanda). In these plants, a mechanical stimulus given to a portion of leaf evokes action potentials which propagate to other parts of the plant. Whenaction potentials reach the motor tissue, turgor movement is induced. The motive force is generated by asymmetrical ion effluxes in the motor tissue (100). The duration of action potentials in plant cells is several seconds, which is 103 times slower than that of action potentials of animal cells (100). Recently, it was suggested that the electrical signal is also responsible for transmission of information of wounding in higher plants (132).
Characteristics of action potential in Characeae.
Characean cells generate action potentials on electrical, chemical or mechanical stimulation (51) (Fig. 5 ). As in other plant cells, the time course of the action potential
-2eo--^"^"30^"*^c Fig. 5 . Action potentials of Characeae. A: Chara corallina. Trains of outward current pulses were applied. The fifth stimulus caused action potential, since the membranepotential reached the threshold by the outward current pulse. B: Nitella axilliformis. During the measurement, trains of small inward current pulses were applied to monitor the membraneresistance. Notice that the membraneresistance decreased at the peak of the after-hyperpolarization (cited from 98). Edep: depolarizing component, Ehyp: after-hyperpolarization. C: Nitella flexilis. Single arrow head: change of the membranepotential due to the electric current for stimulation. Double arrowheads: first peak generated at the plasma membrane, triple arrowheads: second peak generated at the tonoplast. (cited from 92).
is very slow compared with action potentials of animal cells. However, the basic properties of the action potential of characean cells are similar to those of animal cells. The action potential follows the all-or-none law and has a refractory period. In addition, the relation between the threshold of electrical stimulation and the duration of stimulation follows Weiss's experimental formula (14, 70). Conduction of action potentials occurs in the longitudinal direction of the cell with a velocity of 4cm sec"1 (99). Action potentials of Characeae can be classified into two types due to the number of peaks. Action potentials with a single peak were reported in Chara corallina (128), C. braunii (69), C. globularis (15), Nitella axillaris (27), Nitella axilliformis (98), Nitellopsis obtusa
(1 2), Nitella expansa, Nitella hyalina, Nitella orientalis, C. fibrosa and Lychnothamnus sp. (Shimmen unpublished) . Action potentials of two peaks have been reported in Nitella opaca, Nitella mucronata (130, 131) , Nitella flexilis (92), and Nitella syncarpa (8). Shimmen and Nishikawa (92) analyzed the action potential of N. flexilis and found that the first rapid peak is generated at the plasma membraneand the second slow peak is generated at the tonoplast. This will be dealt with later.
E. Action potential at the plasma membrane. 1. Hodgkin-Huxley analysis. Beilby and Coster (3, 4) inserted the microelectrode into the cytoplasm and analyzed the action potential at the plasma membranein C. corallina using . By voltage-clamping the plasma membraneat various levels ranging from -170 mVto -70 mV, they found two components on inward current and discussed that the first component is carried by Cl~and the second component is carried by Ca2+. Hirono and Mitsui (21) also analyzed the action potential of the plasma membranein N. axilliformis. They found that the inward current started after an initial delay in N. axilliformis as in C. corallina (3, 4). The membranecurrent was expressed by the following Hodgkin-Huxley equation,
where Ia, ga, m, h, VMand Va are the transient current carried by Cl~, chloride conductance, activation parameter, inactivation parameter, the clamped potential and the quilibrium potential for Cl~, respectively. 2. Ca2+ hypothesis and Cl~hypothesis. Osterhout and Hill (78) were the first to report the importance of Ca2+ in excitation of characean cells. They found that the Nitella cell lost excitability by treatment with distilled water. When1 mMCaCl2 was added to distilled water, the anesthesia did not occur. The membraneexcitability which had been lost in distilled water was restored by treating the cell with the CaCl2 solution. Later, Hope (23) (16, 24, 38, 39, 40, 44, 58, 66, 71, 72) . Inaddition, the inward current under voltage-clamp was inhibited by increasing the Cl" concentration in the external medium (Kishimoto (50) . Thus, Cl~channels are also involved in generation of the action potential of Characeae. In the early phase of studies on action potentials of Characeae, the Cl~and Ca2+ hypotheses had been discussed independently without paying attention to their mutual relationship. It was 10-20 years later that the involvement of both ion channels in excitation began to be discussed (cf. 55, 86, 87, 88 Shiina and Tazawa (88) found that the Cl~efflux increases when they introduced Ca2+ into the tonoplast-free cells. Thus, the characean plasma membrane is equipped with the Ca2+-dependent Cl~channel. Based on these observations, it is understood that the Ca2+-dependent Cl~efflux is inhibited in tonoplast-free cells which contain a large amount of EGTA. In intact cells, 9-A-C (9-anthracencarboxylic acid), a Cl~channel inhibitor, reduced the inward current and the Cl~efflux. On membraneexcitation in the presence of 9-A-C, cytoplasmic streaming stopped (87), indicating that cytoplasmic free Ca2+ is increased (124) . Thus, the action potential can be generated only by activation of Ca2+ channels in intact cells. La3+ uncoupled the link betweenmembraneexcitation and cessation of cytoplasmic streaming, and inhibited both the inward current and the Cl~efflux. The Cl~efflux was greatly reduced by decreasing extracellular Ca2+. (123) reported that TFP increased the duration and the peak of action potentials. The involvement of protein phosphorylation in the regulation of Ca2+channel was also suggested based on the experiments using tonoplast-free cells. However, the matter is also controversial. Shiina and Tazawa(89) suggested that the Ca2+ channel is inhibited by protein phosphorylation and activated by phosphoprotein dephosphorylation based on the following experiments. Whenagents that enhance phosphoprotein dephosphorylation (protein kinase inhibitor or phosphoprotein phosphatase-1, -2A) were introduced into tonoplastfree cells of Nitellopsis obtusa, the plasma membrane depolarized and the membrane resistance decreased. By contrast, agents that enhance protein phosphorylation (phosphoprotein phosphatase inhibitor I or alpha-naphthylphosphate) induced opposite phenomena, hyperpolarization and increase in the membraneresistance.
ATP-^-S (adenosine-5'-O-(3-thiotriphosphate)
, which enhance protein phosphorylation, decreased the inward current. On the contrary, Zherelova (137) insisted that the Ca2+ channel is activated by phosphorylation via protein kinase C, since polymixin B, an inhibitor of protein kinase C, blocked the Ca2+ current in tonoplastfree cells of TV. syncarpa. Recently, it has become possible to make single channel recordings in characean plasma membraneusing patch-clamp technique (7, 17, 33). Coleman (7) found a hyperpolarization-dependent Cl~channel. On the other hand, Okihara et al. (76) found a Ca2+-dependent Cl~-permeable channel. The anion channel was activated by Ca2+on the cytoplasmic side and its opening was voltage dependent. The authors supposed that the anion channel is concerned with generation of action potentials at the plasma membrane. The channel activity was inhibited by calmodulin antagonists (76). In addition, Okihara et al. (75) demonstrated that activity of the Ca2+-dependent Cl~-permeable channel is regulated by calmodulin applied to the cytoplasmic side of the inside-out patch-clamp recording. The activity of the channel which had been enhanced by Ca2+ became low during the recording. However, the decrease of the activity could be stopped by applying calmodulin.
The involvement of IP3 (inositol 1 , 4,5-trisphosphate) in activation of the Cl~channel was also reported.
Zherelova (136) (Fig. 6 ). Whenthe K+ concentration was increased further (more than 4 mM), the membrane predominantly stayed in the excited state. By the inward current, the membranewas shifted to the resting level but soon came back to the excited state (reversed action potential: 120). The state of the membrane could be controlled with the ratio between the concentrations of monovalent and divalent cations in the external medium without electric stimulus. By adding K+of higher concentration, the plasmamembrane was spontaneously shifted to the excited state and came back to the resting state by exchanging K+ solution with Ca2+ solution.
As mentioned above, the action potential of the tonoplast-free cell represents activation of the Ca2+channel which is voltage-dependent (86). When Erest is changed to the positive direction by increasing the K+ concentration or by the outward current, the Ca2+channel opens. The membranepotential in the state, Eex, is then determined by both Ca2+ conductance (gCa) and K+ conductance (gK) of the plasma membrane. In the excited state, gCais calculated to be about the sameas gK(86). When Eex is shifted to the negative direction by decreasing K+ concentration or by the inward current, the Ca2+ channel is closed. Then, the membranepotential represents During the measurement, trains of small inward current pulses were applied to monitor the membraneresistance. At the beginning of the measurement, the membrane was in the resting state (Erest) and the membrane resistance was high. By a large outward current pulse (upward), the membraneshifted to the excited state (Eex), where the membraneresistance was significantly small. By a large inward current pulse, the membrane was shifted to the resting state with increase in the membraneresistance. Transitions between the two states by electric current pulses could berepeated (90).
the equilibrium potential for K+.
F. Membranepotential of the tonoplast.
1. Resting state. Whenthe microelectrode is inserted into a characean cell, the tip is generally located in the vacuole. Therefore, the potential difference measured between the extracellular electrode and the microelectrode represents the sumof the membrane potential at the plasma membraneand that at the tonoplast. By carefully inserting the microelectrode, it is possible to position the tip of the microelectrode in the thin cytoplasmic layer. By measuring the potential difference between the microelectrode inserted into the vacuole and that inserted into the cytoplasm, it is possible to measure the membranepotential of the tonoplast. It is also possible to record the membranepotential of the plasma membrane by measuring the potential difference between the microelectrode in the cytoplasm and the extracellular electrode.
Findlay (9) reported that the resting potential of the vacuole was approximately the same as the potential of the cytoplasmwith respect to the extracellular medium in Nitella. Later, Findlay and Hope (13) found that the vacuole was about 10 mVpositive against the cytoplasm in Chara. Also in other species of Characeae, the tonoplast potential was found to be positive, 19 mVin Nitellopsis obtusa (12), 38 mVin N. flexilis (18) and ll mV in N. flexilis (92). Patch clamp studies revealed that the surface membrane of endoplasmic drops isolated from characean cells contains abundant K+ channels (32, 34, 54, 129) . It wasreported that the surface membraneof endoplasmic drops is mostly composed of the tonoplast (54, 83). Thus, the characean tonoplast maycontain abundant K+ channels.
It is expected that the membranepotential of the tonoplast is determined by the equilibrium potential for K+. Using vacuole-per fused cells, Moriyasu et al. (65) found that the membranepotential of the tonoplast responded to changes in the K+concentration in the vacuole, supporting the aboveconclusion. Shimmen and Nishikawa (92) compared the measured potential across the tonoplast and the equilibrium potential for K+. The measured membrane potential of the tonoplast, +ll mV, was more positive than the equilibrium potential for K+ (+1 mV; K+ concentration in the cytoplam is 78 mMand that in the vacuole is 73 mM). This difference between the measured tonoplast potential and the K+-equilibrium potential can be explained by active pumping of H+. The pH of the vacuole in Chara cells is kept at about 5. Moriyasu et al. (64) increased the vacuolar pHby per fusing the vacuole with solutions of higher pHs and found that the modified pH recovered to the original value. This acidification of the vacuole was found to be energy dependent, since it was inhibited by DCCD(dicyclohexylcarbodiimide). Using plasma membrane-permeabilized cells, Shimmenand If the H+ pump is electrogenic, it is expected that the potential of the vacuole shifts to a positive value than the diffusion potential for ions. It was reported that the tonoplast potential responds to the vacuolar pH that was changed by vacuolar-per fusion (65). The pH-sensitive component of the tonoplast potential is supposed to be generated by the electrogenic proton pump. The extent of the pH dependency of the tonoplast potential was strongly affected by KC1concentration in the vacuole. The lower the KC1concentration, the stronger the pH dependency of the tonoplast potential. At higher K+ concentrations, the electrogenic current produced by the proton pump(s) may be short-circuited by the efflux of K+ through the abundant K+ channels. Thus, the tonoplast potential is determined not only by the activity of the H+ pumps but also by activity of K+ channels as is the case in the plasma membrane. The tonoplast potential more positive than the K+ equilibrium potential can also be accounted for by assuming that not only K+ channels but also Cl~channels contribute to the electrogenesis at the resting state, since the equilibrium potential for Cl~across the tonoplast is positive inside.
Action potential at the tonoplast. Findlay and
Hope (13) found that the tonoplast potential changed from the resting value (+10 mV) to the value of +40 -+50 mVwith the generation of action potential at the plasma membrane in Chara. Similar results have been reported in Nitellopsis obtusa (12), TV. pulchella (47), and N. flexilis (18, 92) . Since the Cl~concentration in the cytoplasm is 27 mMand that in the vacuole is 179 mMin Nitella, the equilibrium potential for Cl~is calculated to be +47 mV, which is close to the value at the peak (see 92). Therefore, it is reasonable to suppose that the Cl~channel of the tonoplast is opened during the action potential. Presence of the Cl~channel was demonstrated by patch-clamp studies of the surface membrane of endoplasmic drops of Chara (129) and Nitellopsis (34) . In N. axilliformis, Kikuyama (37, 39) found that the tonoplast potential shifted either in the positive or negative direction depending on the cells. He supposed that the potential change to the negative direction is caused by activation of Ca2+ channels of the tonoplast, the presence of which was demonstrated in higher plants (25) . The involvement of the Cl~channel in the tonoplast action potential was demonstrated by using vacuole-perfused cells of N. pulchella by Kikuyama and Tazawa (47) . The action potential is composed of two steps, rapid depolarization followed by large and gradual depolarization, whenthe Cl~concentration in the vacuole was high. The first component was assumed to represent the action potential of the plasma membraneand the second the action potential of the tonoplast. They modified the intravacuolar Cl~concentration by substituting Cl~with SO42~by vacuolar per fusion and found a strong dependency of the second peak of spikes on the Cl~concentration in the vacuole. By lowering the Cl~concentration in the vacuole, the peak value of the tonoplast action potential changed from a positive one to a negative one (Fig. 7) . Cells of N. flexilis generate typical action potentials of two peaks which are clearly separated (Fig. 5C ).
Shimmenand Nishikawa (92) analyzed the action potential by inserting microelectrodes into the vacuole and cytoplasm, and found that the first rapid peak was generated at the plasma membraneand the second slow peak at the tonoplast. They also found that the second peak is sensitive to the vacuolar Cl~concentration and that it changes to the negative direction by extreme low- ering of the vacuolar Cl concentration as in N. pulchella. In N. flexilis, the first peak at the plasma membrane finishes very quickly and can be clearly separated from the second tonoplast peak. Since two peaks can be clearly separated with a single microelectrode in the vacuole, N. flexilis is a suitable material for studying the tonoplast action potential. WhenMn2+ instead of Ca2+ added to the external medium ofN. flexilis (92) or N. syncarpa (8), the action potential is generated only at the plasma mebrane. In the presence of Mn2+, cytoplasmic streaming does not stop upon excitation, indicating that the increase in the cytoplasmic free Ca2+on membraneexcitation does not occur. WhenCa2+ is added to the mediumcontaining Mn2+,the tonoplast action potential recovers and the cytoplasmic streaming stops. Kikuyama (37) The ionic events occurring during excitation of the plasma membraneand the tonoplast are summarizedin G. Regulation of plasma membranepotential byphotosyn th esis. 1. Activation of electrogenic H+ pump. As discussed above, the plasma membranenormally hyperpolarizes on illumination due to activation of the electrogenic proton pump (Fig. 9A ). This is supported by the fact that the H+ efflux is accelerated on illumination (107) . It has been reported that the ion transport into the cell is accelerated by illumination (56, 57, 116, 117) . Since ions such as Cl~is transported via symport with H+ (84, 85), it is conceivable that ion transport may be accelerated due to an increase in the electrochemical potential gradient for H+ on illumination. Since the pHdependency of the membranepotential at the plasma membrane is inhibited by DCMU(3-(3',4'-dichlorophenyl)-l , 1-dimethylurea) (81), it is supposed that photosynthesis in chloroplasts is concerned with the activation of the electrogenic proton pump. This assumption was verified by the following experiment ( Fig.  10 ) (62). Whenthe tonoplast-free cell was strongly centrifuged, all chloroplasts were detached from the cortical gel and collected at the centrifugal cell end. By ligating the cell, a colorless cell lacking chloroplast was prepared (62). In such cells, the membrane hyperpolarization upon illumination could not be observed. When pea chloroplasts suspended in an ATPmediumwas introduced into the chloroplast-free cell, the cell resumed the light-induced hyperpolarization. The light-induced hyperpolarization was completely inhibited by treatment of chloroplasts with DCCDin parallel with inhibition of photophosphorylation in the chloroplasts. This result suggests that changes in levels of adenylate nucleotides are involved in the light-induced activation of the electrogenic proton pump. Since ADPand AMPinhibit the electrogenic proton pump(61), it is supposed that the activity of the proton pumpmight be enhanced by decreases of the ADPand AMPlevels, and by accompanying increase of the ATP level. This possibility was demonstrated to be valid in tonoplast-free cells. On illumination, an increase in the ig. 9. Hyperpolarization of the plasma membranein caused by illumination. A: hyperpolarization due to activation of the electrogenic proton pump in Nitella (cited from 59). B: hyperpolarization due to activation of K+ channel in Chara (cited from 1 18). During the measurements, trains of small inward current pulses were applied to monitor the membraneresistance.
ATPlevel and decreases in the ADPand AMPlevels occurred in parallel with membranehyperpolarization.
The changes in the membranepotential could be explained in most part by the changes in adenine nucleotide levels (62). In intact cells, however, no change in concentrations of these adenine nucleotides was found (61). It is assumed that the changes in the concentrations of these nucleotides might occur in the very narrow space between chloroplasts and the plasma membrane, but direct measurements of necleotides in that space have not been carried out. Later, Takeshige et al. (108) found that inorganic phosphate also inhibited the proton pump and that its level decreased on illumination. Therefore, it is concluded that the activity of the proton pump is regulated by light via changes in both adenine nucleotide and phosphate lelves. 2. Activation ofK+ channel. Kikuyama etal. (43) found that hyperpolarization induced by light did not occur, when intracellular ATPhad been depleted by introducing hexokinase and glucose into tonoplast-free cells. This result is quite reasonable, since the electrogenic proton pump is fueled by ATP. However, Kawamura and Tazawa (36) found that the plasma membrane hyperpolarized on illumination, even in tonoplast-free cells lacking ATP (Fig. 9B ). This hyperpolarization was quite rapid compared with the hyperpolarization due to activation of the electrogenic proton pump. The authors found that staining of the cell with neutral red was prerequisite for induction of this rapid light-induced hyperpolarization. Since this response was inhibited by inhibitors of K+ channel (TEA and C9 (nonyltriethylammonium)), it was speculated that the hyperpolarization was induced by activation of a K+ channel of the plasma membrane (119). Later, it was found that this rapid photoelectric response occurred even in cells containing ATP, when the plasma membrane was shifted to depolarized levels by applying outward currents. Onillumination, the membranepotential hyperpolarized toward the equilibrium potential for K+ (96). Involvement of photosynthesis was demonstrated by the experiments on removingand reintroducing chloroplasts (Fig. 10 ). After removing chloroplasts by a strong centrifugation of the tonoplast-free cell, the rapid lightinduced hyperpolarization was completely lost. It reappeared after introducing chloroplasts (1 18) of Chara or spinach. The recovery of the response was observed even when osmotically shocked chloroplasts were introduced into the cell. The response which had been inhibited by DCMUwas recovered by adding PMS(phenazinemethosulfate). Carbonylcyanide m-chlorophenylhydrazone (CCCP) stimulated the response. Thus, the lightinduced hyperpolarization can be supported by either cyclic or noncyclic electron flow (63). Since the response was inhibited by increasing intracellular ionic strength, it was supposed that changes in the surface charge of chloroplasts which had been induced by activation of photosynthesis are concerned with activation of the K+ channel of the plasma membrane (63). nodal cell (a) were removed by cutting. After per fusing the vacuole with an EGTAmedium, both cell ends were closed by ligation. The tonoplast spontaneously disintegrated about 10 min after per fusion (b) . Thetonoplast-free cell was centrifuged to collect chloroplasts at one cell end (c). By ligating the centrifuged cell, the chloroplast-free cell (d) was prepared, which showed no change of the membrane potential upon illumination. When chloroplasts were introduced into the chloroplast-free cell, membrane hyperpolarization on illumination was restored (cited from 62).
nodal cells significantly contributed to elucidating the mechanisms of electrogenesis, ion transport and cell motility. The situation is similar to squid giant axons. Development of intracellular per fusion technique (1, 73) in giant axons significantly contributed to elucidating the mechanism of membrane excitability, since the chemical compositions of both sides of the plasma membrane can be controlled. This was also the case in Characeae. By combining intracellular per fusion with the technique of plasma membrane-permeabilization, it is possible to control chemical compositions on both sides of the plasma membraneand the tonoplast. Results obtained from experiments using characean cells have formed a basis for the studies of the functions of the plant membrane. It is concluded that characean cells can still be a useful material in cell biological studies.
